Abstract. The plant stress and plant vigour hypotheses are competing paradigms pertaining to the preference and performance of herbivorous insects on their host plants. Tests of these hypotheses ideally require detailed information on aspects of soil nutrition, foliar nutrient levels and parameters of herbivore fitness, but such studies are uncommon. These hypotheses were tested using the diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae), reared on its host plant, Brassica napus (L.), grown in an experimental system of five nutrient regimes. Different levels of fertilizer treatments significantly affected the nutrient content of B. napus foliage and this in turn affected the preference and performance of P. xylostella. Ovipositing females discriminated among host plants grown in soils subjected to different fertilizer treatments and selected plants on which pre-imaginal survival was highest, development fastest and longevity of the next generation of adults the longest, even when food was scarce. Plants subjected to herbivory by P. xylostella responded by producing elevated levels of some nutrients (e.g., sulphur), but other nutrient levels declined in infested leaves (e.g., nitrogen). Regardless of the rate of fertilizer application, plants compensated for herbivory by increasing root mass compared to un-infested control plants; plants grown in soils receiving the optimum quantity of fertilizer developed the most robust root systems when infested. The plant stress and the plant vigour hypotheses are likely to be at the opposite ends of a continuum of responses between insects and their host plants. Our investigations indicate a complex set of interactions involving both bottom-up and top-down effects, which interact to affect host plant quality, oviposition site selection by female herbivores and the fitness of their offspring.
INTRODUCTION
Understanding ecological interactions among insect herbivores and their host plants has long been a goal of ecologists. A substantial body of literature implicates host plant quality as a primary player influencing herbivorehost plant interactions (Thompson, 1988a; Louda & Collinge, 1992) . Here, the basic premise is that insects will prefer to oviposit and feed on plants that confer the greatest fitness to themselves and their offspring (Thompson, 1988b; Craig et al., 1989; Denno et al., 1990; Fox & Lalonde, 1993; Barker & Maczka, 1996; Craig & Ohgushi, 2002) .
The preference/performance hypothesis is based on the premise that plants differ in their quality as hosts for herbivorous insects. Numerous studies show that differences in plant quality reflect the availability of soil nutrients. Total numbers of leaves, main stem diameters and root masses are considered important plant morphological indices (Gartner, 1994; Tekeli & Ates, 2003) . Variation in soil nutrients affects the production of plant defensive chemicals (Inbar et al., 2001; Marazzi et al., 2004; Ramona et al., 2005) , plant morphology and quality (Chau & Heinz, 2006) and in turn can influence the preference and performance of insect herbivores. Hypotheses of "plant stress" and "plant vigour" predict the responses of herbivores to soil nutrients, as mediated by host plant quality.
The plant stress hypothesis of White (1984) predicts that stressed plants serve as better hosts for insect herbivores. According to this hypothesis, plants under stress are more suitable for insect herbivores due to increased nutritional quality arising from reduced protein synthesis and increased free amino acids in plant tissues (White, 1969 (White, , 1984 Mattson & Haack, 1987) and reduced synthesis of defensive chemicals (Rhoades, 1979) . The effect of plant stress often varies with the insect feeding guild, the host plant species, and the nature and level of stress (Heinrichs, 1988; Larsson, 1989; Waring & Cobb, 1992) . Certain insects (e.g. phloem feeders) prefer stressed plants whereas others (e.g. leaf chewers, leafminers) are negatively affected when feeding on stressed plants (Larsson, 1989; Koricheva et al., 1998; Inbar et al., 2001) . For instance, whiteflies, Bemisia tabaci (Gennadius) and B. argentifolii Bellows & Perring (Homoptera: Aleyrodidae), prefer stressed cotton plants (Flint et al., 1996; Skinner, 1996) while performance of grass miners, Chro-matomyia milii (Kaltenbach) (Diptera: Agromyzidae), significantly declines on stressed host plants (Scheirs & Bruyn, 2005) .
In contrast, the plant vigour hypothesis of Price (1991) proposes that herbivorous insects will prefer and perform better on fast-growing, vigorous plants or plant modules compared with slow-growing, less vigorous plants or plant modules. This hypothesis applies particularly to those insects for which there is a close association between the selection of oviposition sites by adults and larval feeding guild, and insects whose larval development is closely linked with host plant growth processes. For instance, galling and mining insects that have the most intimate relationships with their host plants seem to accord best with the predictions of this hypothesis (Price, 1991) . However, the underlying mechanisms of the plant vigour hypothesis are unknown.
There is empirical support for both hypotheses. Some studies have shown that insects perform better on stressed plants (White, 1969 (White, , 1984 Mattson, 1980; Jones & Coleman, 1988 ), but others indicate that vigorous plants frequently support higher densities of insect herbivores than their stressed counterparts (Price, 1991; Meyer & Root, 1996; Inbar et al., 2001; Heisswolf et al., 2005) . There is also evidence that some insect herbivores do not discriminate between stressed and vigorous host plants. For example, Diplolepis ignota Osten Sacken, D. nodulosa Beutenmüller and D. rosaefolii Cockerell (Hymenoptera: Cynipidae) respond similarly to vigorous and stressed rose plants (Williams & Cronin, 2004) . Host plant nutritional quality can therefore ameliorate, exacerbate, or have no effect at all on the host preference and performance of insect herbivores.
In the current study, we examined the effect of unfertilized versus four different fertilization treatments (two intermediate fertilizer treatments and two high fertilizer treatments) on various growth parameters of Brassica napus L. (Brassicaceae). These plants were used as hosts for the oligophagous herbivore Plutella xylostella (L.) (Lepidoptera: Plutellidae), for which several fitness correlates were measured (Fig. 1 ). Data were initially used to test for a relationship between plant preference and insect performance in order to better understand the ecological interactions and mechanisms involved in host plant selection and utilization by insect herbivores. Data were used subsequently to test predictions of the plant stress hypothesis versus the plant vigour hypothesis.
MATERIAL AND METHODS

Insects and plants
The laboratory colony of P. xylostella was maintained in the greenhouse and growth chambers on potted B. napus plants at 22 ± 0.5°C and a 16L : 8D photoperiod. Moths collected from different commercial fields throughout Alberta, Canada were added to the culture every summer to maintain genetic diversity. Plutella xylostella normally oviposit from 11 to 188 eggs per female on the adaxial surface of leaves (Harcourt, 1957; Talekar & Shelton, 1993) . Neonates are usually leafminers that feed on the spongy mesophyll tissue, while instars 2 to 4 are leaf mass consumers that normally feed on the abaxial leaf surfaces; pupation takes place on host plants or any other suitable substrate (Harcourt, 1957) .
Brassica napus plants were grown individually in 15.2-cmdiameter pots using Metromix-220 (W.R. Grace & Co., Ajax, Ontario, Canada) as a potting medium. Experimental plants were grown in one of four fertilizer treatments, viz. 0.5, 1.0, 3.0, 5.0 g pot -1 of 20 : 20 : 20 (nitrogen : phosphorus : potassium) (Plant Products Co. Ltd., Brampton, Ontario, Canada), while control plants were grown in soil without any added fertilizer. Fertilizer treatments were applied in two split applications to avoid any phytotoxic effects of higher concentrations: the first application of fertilizer was made two weeks after of seed germination and the second when plants were three weeks old. Each fertilizer application consisted of applying the concentrate dissolved in 100 ml tap water while control plants received only 100 ml water. Four-week-old plants were used in all the experiments.
Plutella xylostella oviposition: Free-choice experiments
Intact plant study
Ovipositional preference experiments were conducted with P. xylostella in a multiple choice manner in ten screened cages (120 × 120 × 120 cm) under greenhouse conditions using a randomized complete block design and each cage was considered a block. The entire experiment was repeated; i.e., a total of 20 cages were used. One plant from each fertilizer treatment and one from the water-only control were placed randomly into each cage (i.e., five plants per cage). A total of 20 adults (four moths per plant) were released in each cage in which there was also a 10% honey solution as a source of food for the adults. Moths were always 1 d old and were released in 1 : 1 (m : f) sex ratio from a container placed in the centre of the cage. Eggs on each plant were counted 3 d after releasing the moths.
Leaf disc study A study with standardized leaf discs was conducted because leaf areas and/or leaf numbers might have influenced P. xylostella oviposition in the above intact plant study. In this experiment, therefore, leaf discs of equal area (diameter = 4.0 cm) were taken from plants in each fertilizer treatment and control plants and were placed on moist filter paper in 15-cmdiameter Petri dishes; a total of 10 dishes were used and each one was considered a block. Leaf discs were placed equidistant from the centre of the Petri dish. A one-day-old mated female was released in the centre of each dish, and the numbers of eggs deposited on each leaf disc were recorded after 24 h. This experiment was conducted in controlled environmental conditions in a growth chamber (22 ± 0.5°C and 16L : 8D photoperiod).
Effects of different fertilizer treatments on insect life history traits Intact plant study: Survival of P. xylostella Over 100 newly emerged P. xylostella were allowed to oviposit on tinfoil sheets treated with an extract of B. napus leaves (Shelton et al., 1991) . After 24 h, the tinfoil sheets, now with eggs on them, were cut into pieces with about 15 to 20 eggs on each piece and then incubated in individual plastic cups. Preimaginal survival was assessed in screened cages (40 × 40 × 80 cm), arranged on a greenhouse bench in a completely randomized design with each cage considered one replicate. Each cage contained a single plant, grown in soil subjected to one of the four fertilizer treatments or without added fertilizer; the entire experiment used 10 plants per treatment and 50 cages. Five plants from each treatment were infested with first-instar larvae while the remainder served as un-infested controls. The first-instar larvae were gently shaken from the incubation cups and when they dropped on silk threads 10 were transferred at random to each plant by suspending them from the silk thread entangled in the hairs of a fine brush. The pre-imaginal development of the larvae on each plant and the number of surviving individuals were recorded daily. Pupae were weighed and kept individually in transparent plastic cups until adult emergence.
Leaf tissue study: Pre-imaginal and imaginal parameters
This experiment was conducted in controlled environmental conditions in a growth chamber (22 ± 0.5°C with 16L : 8D). Excised leaves were placed on moist filter paper (9-cm diameter) in ventilated plastic containers. For each treatment, 100 larvae, which had moulted to the second instar within the preceding 24 h, were introduced into individual plastic containers in a completely randomized design; a total of 500 larvae were used, with 100 replicates per treatment. Larvae were provided with fresh leaf tissue of their respective treatment plants every 24 h until pupation. Developmental times from secondinstar larva to pre-pupa and from pre-pupa to pupa were recorded. Pupae were weighed within 24 h of pupation, returned to their respective containers and the time from pupation to adult emergence recorded. After adult emergence, the silk cocoons were also weighed using a Sartorius Supermicro ® Balance (Sartorius Inc., Edgewood, NY, USA). Adults were sexed and used to determine their longevity, when kept without food, body weight and area of the forewing.
To quantify the amount of food eaten by larvae, all leaves damaged by P. xylostella larvae were scanned daily into a digital format using a desktop scanner (Umax Powerlook 2100XL Flatbed Scanner, UMAX Technologies Inc., Dallas, TX, USA) and the final version (250 dpi) was saved as a TIFF file without LZW compression. Image J (National Institutes of Health, Bethesda, MD, USA) was used to quantify the area of leaf consumed by the larvae.
The longevities of 20 females and 20 males (< 1 day old) kept without food, which had completed their development on plants subject to each of the fertilizer treatments, were determined.
Moths were placed in individual plastic containers at 22 ± 0.5°C and a 16L : 8D photoperiod and examined daily until they died. In a separate experiment, 20 females and 20 males ( 1 day old) of P. xylostella, reared as above, were killed and their wet body masses determined using a Sartorius Supermicro ® Balance (Sartorius Inc., Edgewood, NY, USA). Their forewings were carefully removed, glued onto paper, scanned using a desktop scanner (Umax Powerlook 2100XL Flatbed Scanner, UMAX Technologies Inc., Dallas, TX, USA) and the wing areas measured using Image J (Sarfraz et al., 2007) .
Plant parameters Stem diameter and number of leaves
To assess plant quality, stem diameter was measured using vernier calipers (Digital Calipers, Samona International) at two points at the end of the larval development experiment; one measurement was made at the root/shoot junction and the other 10 cm above the root/shoot junction. Total number of leaves per plant was also counted at the beginning of the experiment.
Tissue nutrient analysis
Five leaves from each replicate and from both infested and un-infested (control) plants were collected at the end of larval development experiment, air-dried at room temperature, ground and subjected to nutrient analysis. The combustion method (AOAC-990.03) was used to determine total nitrogen and sulphur (AOAC International, 2003a) while calcium, phosphorus, potassium, magnesium and sodium were assessed by using the inductively coupled plasma spectroscopic method (AOAC-985.01) in Norwest Labs, Lethbridge, Canada (AOAC International, 2003b ).
Root masses: Plant response to herbivory
At the end of the life history traits experiment, plants were uprooted; their roots were carefully washed as described by Gartner (1994) and air-dried at room temperature. The roots were removed and weighed to determine the effects of different Fig. 1 . Overview of the effects of the different fertilizer treatments on Brassica napus and its herbivore Plutella xylostella, and top-down effects of herbivore attack on plant compensatory ability. Readers should focus particularly on the underlined parameters.
soil fertilizer treatments on root development when infested and not infested by P. xylostella larvae.
Statistical analyses Plutella xylostella oviposition: Free-choice experiments
Transformations [ln(x+1)] were used to achieve normality and homoscedasticity before analyses (Steel et al., 1997) , but untransformed means are used in figure. The GLM procedure (PROC GLM, SAS 9.1.2) for a randomized complete block design was performed with cage/Petri dish as a blocking factor. PROC GLM analyses data within the framework of general linear model, and can handle models relating one or several dependent variables (continuous) to one or several independent variables (continuous or classification). PROC GLM can be used for many different statistical analyses including the analysis of variance (ANOVA) (SAS Institute, 2004) . Differences between treatments were determined in the ANOVA table, and means were compared at the 5% level of significance using Tukey's studentized range test (Littell et al., 2002; SAS Institute, 2004) . Since the oviposition choice study was repeated, each repetition was considered as an independent experiment. A new variable was generated (Experiment 1 and Experiment 2) and PROC GLM was performed to determine its level of significance in the ANOVA table, but combined data across both experiments are presented (Fig. 2 ).
Insect life history traits and plant parameters
Transformations [(x+0.5) 0.5 , ln(x+1)] were used throughout when necessary to achieve normality and homoscedasticity before analyses (Steel et al., 1997) , but untransformed means are presented in figures and tables. The GLM procedure (PROC GLM, SAS 9.1.2) for a completely randomized design was performed to test the differences between treatments in the ANOVA table and means were compared at the 5% level of significance using Tukey's studentized range test (Littell et al., 2002; SAS Institute, 2004) . T-tests (PROC TTEST) were performed for pair-wise comparison of the development times, larval herbivory, pupal weights, silk weights, adult body weights, forewing areas and longevities (without food) of females and males when they were reared on host plants grown under the various fertilizer treatments. PROC TTEST was also performed for pair-wise comparisons of the various nutrient contents and root masses of infested and un-infested (control) plants for each treatment separately (SAS Institute, 2004) .
RESULTS
Plutella xylostella oviposition: Free-choice experiments
Intact plant study Fertilizer treatment had a highly significant effect on the ovipositional preference of P. xylostella (F4,36 = 84.32, P < 0.001) (Fig. 2) . Mean numbers of P. xylostella eggs deposited on plants that received 1.0 g of fertilizer pot -1 significantly exceeded those deposited on un-treated controls and plants that received 0.5, 3.0 and 5.0 g of fertilizer pot -1 (Fig. 2) . The mean number of eggs deposited on plants receiving 5.0 g of fertilizer pot -1 were similar to those deposited on un-treated controls, but significantly lower than on plants receiving 0.5 and 3.0 g of fertilizer pot -1 (Fig. 2) .
Leaf disc study Fertilizer treatment significantly affected the preference of P. xylostella for ovipositing on particular leaf discs (F4,36 = 38.02, P < 0.001) (Fig. 2) . Overall the oviposition preference was similar to that observed in the intact plant study with most eggs deposited on leaf discs taken from plants that received 1.0 g of fertilizer pot -1 (Fig. 2) .
Effects of different fertilizer treatments on insect life history traits
Survival rate Plutella xylostella survival from neonate to pupa (F4,36 = 14.50, P < 0.001) and pupa to adult (F4,36 = 9.59, P < 0.001) varied significantly on plants grown in the different fertilizer treatments (Fig. 3) . Highest percentage larval survival (neonate to pupa) occurred on plants treated with 1.0 g of fertilizer pot -1 whereas larvae on plants treated with 5.0 g pot -1 had the lowest percentage survival. Survival from neonate to pupa did not differ on plants that received 0.5, 1.0 or 3.0 g of fertilizer pot -1 . Lowest pupa to adult survival was recorded on plants treated with 5.0 g pot -1 (Fig. 3) .
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Fig. 2. Mean (± S.E.) oviposition by Plutella xylostella females per plant or per leaf disc of Brassica napus in freechoice tests in a greenhouse (intact plant study) and growth chamber (leaf disc study). Brassica napus plants were grown in soils that received different fertilizer treatments. Means sharing the same letter (upper and lower case) do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test. Fig. 3 . Mean (± S.E.) percent survival of Plutella xylostella from neonate to pupa and pupa to adult on intact Brassica napus plants grown in soils that received different fertilizer treatments. Means sharing the same letter (upper and lower case) do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test.
Developmental time
Fertilizer treatments strongly affected developmental time from neonate to pre-pupa, pupa to adult and neonate to adult of both females (F4,76 = 10.18, P < 0.001; F4,76 = 9.63, P < 0.001 and F4,76 = 20.05, P < 0.001 respectively) and males (F4,76 = 15.35, P < 0.001; F4,76 = 4.95, P = 0.001 and F4,76 = 10.95, P < 0.001 respectively) ( Table 1) . Prepupal development time was significantly affected in females (F4,76 = 3.70, P = 0.008), but not males (F4,76 = 1.74, P = 0.149) ( Table 1) . Both female and male larval development was fastest on plants treated with 1.0 g fertilizer pot -1 , and differed significantly from larvae reared on plants treated with 0.0 and 5.0 g pot -1 (Table 1) . Female pre-pupal development was fastest on plants that received 1.0 g fertilizer pot -1 and slowest on plants that received 5.0 g fertilizer pot -1 . Male pupae developed fastest on plants that received 0.5 g fertilizer pot -1 whereas female pupal development was fastest on plants that received 1.0 g fertilizer pot -1 . For both females and males, overall development from neonate to adult was fastest on plants treated with 1.0 g fertilizer pot -1 (Table  1) .
Foliage consumption
Area of foliage consumed by female and male P. xylostella larvae varied significantly (F4,76 = 12.47, P < 0.001 and F4,76 = 3.83, P = 0.007 respectively) ( Table 2) . Female larvae consumed similar area of leaf when reared on plants that received 0.0, 0.5 or 1.0 g of fertilizer whereas male larvae consumed a greater area of the foliage of un-fertilized plants than of those that received 1.0, 3.0 or 5.0 g of fertilizer pot -1 (Table 2 ).
Pupal and silk weights Pupal and silk weights differed significantly for females (F4,76 = 6.67, P < 0.001 and F4,76 = 4.23, P = 0.004 respectively) and males (F4,76 = 5.04, P = 0.001 and F4,76 = 14.68, P < 0.001 respectively) when reared on host plants grown in soil that was treated with fertilizer. For both female and male specimens, the heaviest pupae and silk cocoons were produced by larvae reared on plants that received 1.0 g of fertilizer pot -1 (Table 2) .
Adult body weight, forewing area, and longevity Fertilizer treatments significantly affected adult body weight, forewing area and longevity of starved females (F4,76 = 4.55, P = 0.002; F4,76 = 5.58, P = 0.001 and F4,76 = 6.23, P = 0.002 respectively) and males (F4,76 = 9.98, P < 0.001; F = 11.06, P < 0.001 and F4,76 = 25.95, P < 0.001 respectively) (Table 3) . Adult males and females were heaviest when they were reared as larvae on plants that received 3.0 or 1.0 g of fertilizer pot -1 , respectively. Moths reared on plants that received 1.0 g of fertilizer pot -1 lived longer than those reared on plants that received 0.0, 0.5, 3.0 or 5.0 g of fertilizer pot -1 . The specimens with the largest forewings were reared on plants that received 1.0 g of fertilizer pot -1 (Table 3) .
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Means in a row followed by the same letter do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test. ), pupal weights (mg) and silk weights (mg) of female and male Plutella xylostella whose larvae were reared on leaf tissue of Brassica napus plants grown in soil that received one of five different soil fertilizer treatments.
Means in a row followed by the same letter do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test. ) Biological parameters TABLE 1. Mean (± S.E.) developmental time in days of the female and male larvae of Plutella xylostella reared on leaf tissue of Brassica napus plants grown in soil that received one of five different fertilizer treatments.
Females versus males
Both females and males reared on B. napus plants grown in pots that received different amounts of fertilizer differed in their life history traits (Table 4 ). Female pupal development was significantly slower than that of males when reared on plants that received 1.0 or 3.0 g of fertilizer pot -1 . Overall development from neonate to adult was faster for females than males when reared on plants that received 1.0 g of fertilizer pot -1 , but development time did not differ for females and males in any other tested fertilizer treatment. Female larvae consumed more leaf tissue than male larvae of plants that received 0.5 or 1.0 g of fertilizer pot -1 . When starved, females lived longer than males if they were reared as larvae on plants that received 0.0 or 5.0 g of fertilizer pot -1 . In addition, females had larger forewings than males when reared on plants grown in soil that received either 0.5 or 5.0 g of fertilizer pot -1 (Table 4) .
Plant parameters Stem diameter and numbers of leaves
Fertilizer treatments strongly affected plant basal stem diameter (F4,36 = 13.05, P < 0.001) and stem diameter 10 cm above the soil-stem interface (F4,36 = 51.34, P < 0.001) (Fig. 4) . At the soil-stem interface, stem diameter was similar for plants grown in soil that received 0.5, 1.0, 3.0 or 5.0 g of fertilizer pot -1 . Plants that grew in soils that received 3.0 or 5.0 g of fertilizer pot -1 had the largest stem diameters at 10 cm above the soil-stem interface (Fig. 4) .
Mean numbers of leaves per plant varied significantly across the different fertilizer treatments (F4,36 = 22.64, P < 0.001). Plants that grew in soil that received 3.0 or 5.0 g of fertilizer pot -1 had the most leaves followed by those that received 1.0 or 0.5 g pot -1 whereas fewest leaves occurred on plants grown in soil that received no added fertilizer (17.3 ± 1.0, 17.1 ± 0.5, 14.4 ± 0.8, 14.3 ± 0.7 and 9.2 ± 0.4, respectively).
Tissue nutrient analysis
Soil fertilizer treatments strongly affected the concentration of nutrients in the leaves of un-infested B. napus plants and those infested with P. xylostella larvae (Table  5) . Leaf nitrogen content increased with increasing levels of fertilizer application both for infested and un-infested leaves, but mean nitrogen concentrations in infested leaves were consistently lower than those in their uninfested counterparts for each fertilizer application rate (Tables 5 and 6 ). The highest levels of phosphorus occurred in plants grown in soils that received 1.0 g of fertilizer pot -1 , and these differed significantly from the levels in the controls and other plants grown in soils that were treated with fertilizer. No significant differences were observed in phosphorus content of infested and uninfested plants grown in soils that received 0.5 or 1.0 g of 588 Means in a row followed by the same letter do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test.
14.5 ± 0.5 3. Mean (± S.E.) adult body weights (mg), longevity without food (days) and forewing areas (mm 2 ) of female and male Plutella xylostella whose larvae were reared on leaf tissue of Brassica napus plants grown in soil that received one of five different soil fertilizer treatments. ns = non-significant at P > 0.05; * = significant at P 0.05; ** = significant at P 0.01; *** = significant at P 0.001; L = larva, PP = pre-pupa, P = pupa, A = adult. (Tables  5 and 6 ). In each fertilizer treatment, sulphur content was significantly higher in infested than un-infested plants. Leaf sulphur content declined with an increased application of fertilizer, with the highest levels recorded in infested plants grown in un-fertilized soil and the lowest in un-infested plants grown in soil that received 5.0 g of fertilizer pot -1 (Tables 5 and 6 ).
Root masses
Effects of fertilizer treatments on root mass production (g dry weight) were highly significant for plants both infested and un-infested with P. xylostella larvae (F4,16 = 346.76, P < 0.001 and F4,16 = 132.34, P < 0.001, respectively) (Fig. 5) . For each fertilizer treatment viz. 0.0, 0.5, 1.0, 3.0 or 5.0 g pot -1 , the root masses of infested and uninfested plants differed significantly; the infested plants had larger root masses than the un-infested plants (t = 14.13, P < 0.001; t = 7.35, P < 0.001; t = 22.45, P < 0.001; t = 8.58, P < 0.001, and t = 7.33, P < 0.001, respectively). Of the un-infested plants, those grown in soils that received 3.0 g of fertilizer pot -1 produced more robust root systems than the plants in all the other fertilizer treatments. When infested, plants grown in soils that received 1.0 g of fertilizer pot -1 had significantly more robust root systems than the plants in all the other fertilizer treatments. Root masses of infested plants grown in soils that received 0.5 g of fertilizer pot -1 did not differ significantly from those that received no added fertilizer (Fig. 5 ).
Means in a row followed by the same letter do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test; ) Leaf tissue nutrients (%) TABLE 5. Mean (± S.E.) nutrients in leaf tissue of Brassica napus grown in soils that received different fertilizer treatments when un-infested ‡ and infested by Plutella xylostella larvae. Fig. 4 . Mean (± S.E.) stem diameter 1 (soil-stem interface) and stem diameter 2 (10 cm above the soil-stem interface) of Brassica napus plants grown in soils that received different fertilizer treatments. Means sharing the same letter (upper and lower case) do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test. Fig. 5 . Mean (± S.E.) root mass development in Brassica napus plants grown in soils that received different fertilizer treatments when infested and not infested by Plutella xylostella larvae. Means sharing the same letter (upper and lower case) do not differ significantly (P = 0.05) based on analysis of variance and Tukey's studentized range test.
DISCUSSION
The preference and performance of P. xylostella was significantly affected by the fertilizer treatments and the resulting nutrient contents of B. napus foliage. Female moths discriminated among host plants and selected those on which pre-imaginal development and survival were highest, and the longevity of the next generation of moths the longest. Plants subjected to herbivory by P. xylostella responded by producing elevated levels of some nutrients (e.g., sulphur), but levels of other nutrients declined in infested leaves (e.g., nitrogen). Regardless of the fertilizer treatment, plants responded to herbivory by increasing root mass (Figs 5 and 6 ). Evidently natural selection acting on the organisms in this system has favoured the development of physiological mechanisms that enable female moths to select those plants that confer the greatest potential fitness on their offspring and also compensatory responses in its host to counteract herbivory.
Ovipositing females discriminated between B. napus plants grown in fertilized and un-fertilized soil and these findings agree with previous reports. For instance, plants grown in fertilized soil were selected more frequently by ovipositing females of Pieris rapae (L.) (Lepidoptera: Pieridae) and Cassida canaliculata Laicharting (Coleoptera: Chrysomelidae) than those grown in un-fertilized soil (Myers, 1985; Chen et al., 2004; Heisswolf et al., 2005) . Contrary to our findings, some reports indicate that females do not distinguish between plants grown in fertilized and un-fertilized soil. For example, ovipositing females of Lycaena tityrus Poda (Lepidoptera: Lycaenidae) did not discriminate between host plants growing in fertilized and un-fertilized soil; slightly more eggs were deposited on plants growing in un-fertilized than fertilized soil but the effect of host plant quality was not significant (Fischer & Fiedler, 2000) .
Several previous studies have examined the effects of insect herbivores on host plant nutrient levels, in particular nitrogen (e.g., Fischer & Fiedler, 2000; Chau & Heinz, 2006) , but nitrogen content alone does not always explain the ovipositional preferences of females, particularly crucifer specialists such as P. xylostella that rely on additional stimuli. In P. xylostella, sulphur-deficient plants were less attractive for egg deposition than those growing in soils that received the maximum application of sulphur fertilizer (Gupta & Thorsteinson, 1960; Marazzi et al., 2004) . Oviposition was significantly higher on Brassica species growing in soil enriched with sulphur than those growing in soil deficient in sulphur (Gupta & Thorsteinson 1960) . Similarly, numbers of eggs laid on artificial leaves treated with the wax-free methanolic leaf-surface extracts of plants growing in soil with normal levels of sulphur (= field concentrations) were significantly higher (ca. 250%) than on artificial leaves sprayed with sulphur-free plant extracts (Marazzi et al., 2004) . The present data demonstrate that females preferred to oviposit on plants containing the highest concentrations of phosphorus, sulphur and calcium, and intermediate concentrations of nitrogen, potassium and magnesium (Figs 2 and 6) .
In our research, larval and pupal survival was lowest (34.0 and 63.3%, respectively) on plants growing in pots that received 5.0 g of fertilizer (ca. 10% total nitrogen dry weight basis), which does not accord with earlier reports of low nitrogen levels resulting in poor larval survival (Myers & Post, 1981; Myers, 1985; Cates et al., 1987) . Increased levels of nitrogen and other nutrients can lead to unbalanced amino acid profiles and high concentrations of organic acids in plant tissues (Williams & Cronin, 2004) ; consequently such diets can be detrimental and even toxic to insects (Reese, 1979; Brodbeck et al., 1990) . Similar to our results, significantly fewer L. tityrus developing on plants growing in soils that had been treated with a nitrogenous fertilizer survived than on plants growing in un-fertilized soil (Fischer & Fiedler, 2000) . Survival in response to treatment of the host plant with fertilizer could be species-specific. For instance, survival of two species of grasshoppers differed when reared on plants with low and high levels of nitrogen in their leaves. Survival of Phoetaliotes nebrascensis (Thomas) (Orthoptera: Acrididae) was greatest on plants containing low levels of nitrogen and decreased significantly in a linear fashion with increase in the level of nitrogen. In contrast, nitrogen levels in diets did not affect the survival of Melanoplus sanguinipes (Fabricius) (Orthoptera: Acrididae) (Joern & Behmer, 1998) .
Larval and pupal development was slower on plants growing in soils treated with fertilizer at rates of 0.0 and 5.0 g pot -1 than on plants receiving 1.0 g pot -1 . Contrary to the present findings, higher nitrogen levels increased developmental rates in certain insects (Slansky & Feeny, 1977; Cates et al., 1987; Hunter & McNeil, 1997; Fischer & Fiedler, 2000) . In the present study larvae consumed 590 ns = non-significant at P > 0.05; * = significant at P 0.05; ** = significant at P 0.01; *** = significant at P 0.001. more of the foliage of the plants grown in un-fertilized soils. Similarly, P. rapae larvae consumed more than twice the area of leaves of Brassica nigra (L.) plants growing in low fertility soils than of those growing in high fertility soils (48.2 and 21.0%, respectively) (Meyer, 2000) . Substantial evidence exists that insects compensate for low nitrogen concentrations by increasing food intake or feeding mainly on the most nitrogen-rich parts of plants (Slansky & Feeny, 1977; White, 1984; Lavoie & Oberhauser, 2004; Berner et al., 2005) . In the present study, plants receiving intermediate fertilizer treatments yielded heavier pupae and a greater weight of silk. Similarly, the pupae of Coenonympha pamphilus L. (Lepidoptera: Satyridae) that developed on Festuca rubra L. (Poaceae) plants treated with fertilizer were heavier than those that developed on plants that were not treated with fertilizer (Mevi-Schütz et al., 2003) . Pupal weight is often considered a good indicator of insect fecundity (Gilbert, 1984) . In the present study, forewing areas were largest for insects fed on plants treated with fertilizer at a rate of 1.0 g pot -1 . In contrast to our results, host plant nutritional quality did not have a significant effect on wing length in P. rapae (Chen et al., 2004) .
In the present study, females reared as larvae on plants grown in soils that received intermediate fertilizer treatments lived longer without food, suggesting that they had better food reserves. The adaptive advantage of selecting plants of maximal quality may be to confer greater fitness on their offspring in terms of increased longevity of the adults, increased wing area and increased egg production, when food is scarce. Adults of P. xylostella are highly migratory (Chapman et al., 2002; Sarfraz et al., 2005) . Therefore, the above effects are likely to be advantageous in terms of migration and re-colonization, enabling them, for example, to travel in air currents without food over several days from northern Mexico to western Canada (Dosdall et al., 2004b) and then colonize canola fields in Canada.
Among the different nutrients assessed, the levels of nitrogen and sulphur in plants were most affected by herbivory: nitrogen levels declined but those of sulphur increased when plants were under attack by herbivores. It is likely that plants redirected some of their nitrogen budget to defense when infested, and this response may have deprived the herbivore of essential building blocks for protein synthesis. Sulphur is an important component of the defense system (glucosinolate-myrosinase) of Brassicaceae (Mithen, 1992; Sarfraz et al., 2006) , and elevated concentrations of this substance in stressed and infested plants suggest that herbivory stimulated enhanced uptake of sulphur to better facilitate the defense response of B. napus. The greater root mass development in infested plants (Fig. 5 ) may enable them to more efficiently extract elements like sulphur from the soil, which are required for their defense. Other researchers have provided evidence that plants under biotic stress allocate more of their resources to defense than to growth (Rhoades, 1979; Herms & Mattson, 1992) . Similar to our findings, Inbar et al. (2001) reported that nutrientdeficient tomato plants contained elevated levels of defensive compounds such as phenolics.
Plants growing in soil that received 1.0 or 3.0 g fertilizer pot -1 developed more robust root systems when infested with P. xylostella larvae than when not infested. This concurs with earlier findings in which turnip plants (Brassica rapa L.) infested with 20 larvae of P. xylostella had higher root dry weights than those infested with fewer larvae (Taylor & Bardner, 1968) . Plants can also increase their net aboveground productivity when infested (Belsky, 1986 and references therein) and various mechanisms have been identified that could contribute to such compensatory growth. They include intrinsic mechanisms such as photosynthetic enhancement and reallocation of available assimilates (Delting et al., 1979; Oesterheld & McNaughton, 1988; Trumble et al., 1993) and extrinsic mechanisms such as nutrient recycling (Floate, 1981; Holland et al., 1992) . Therefore, increased shoot growth could lead to increased root growth (McNaughton et al., 1998) and well nourished plants have a higher capability of compensating (and even overcompensating) than when nutrients are limiting. Although we did not continue this experiment to seed production, it is likely that plants grown in soils receiving the intermediate fertilizer treatment would produce better yields when infested as they have more robust root systems, which may facilitate a more rapid replacement of the tissues lost to herbivores. Meyer (2000) also noted that when growing in fertile soils plants were better able to maintain leaf growth rates when infested with caterpillars of P. rapae. Plants grown in un-fertilized soil were able to compensate through increased root and shoot growth and thus the present results support the compensatory continuum model of Maschinski & Whitham (1989) . According to this model, plants will more likely compensate for herbivore damage when growing in fertile soils, because the greater availability of nutrients enable plants to replace tissues lost to herbivores more efficiently. Although the observation that plants are better able to compensate for damage when growing in fertile soils is well supported by our results and those of other studies (Maschinski & Whitham, 1989; Willis et al., 1995; Meyer, 2000; Dosdall et al., 2004a) , there appear to be no studies on root development in B. napus grown in soils of different fertility and being eaten by P. xylostella.
Our findings support neither the plant stress nor plant vigour hypothesis. Un-fertilized plants of B. napus had low levels of nitrogen in their leaves and larvae of P. xylostella had to consume more foliage to compensate for this nutrient deficiency. Furthermore, plants growing in un-fertilized soils had fewer eggs laid on them and yielded lighter pupae than those that grew in soils that were subject to intermediate fertilizer treatments. Although the plants that grew in the soils subject to the highest fertilizer treatment had the thickest stems, greatest number of leaves and the highest leaf nitrogen contents, few eggs were laid on them and few larvae completed their development on these plants. It is likely that the plant stress and the plant vigour hypotheses apply to plants at the opposite ends of a continuum of responses between insects and their host plants. Although some insect species appear to respond more favourably to stressed host plants, and others to vigorous plants (Waring & Cobb 1992) , P. xylostella prefers plants growing in soils receiving intermediate fertilizer treatments. Our results indicate a complex set of interactions involving both bottom-up and top-down effects, which affect host plant morphology, oviposition site selection by female herbivores and fitness of their offspring.
